Cardiac events of early diastole were studied in 50 normal subjects and 46 patients with mitral stenosis (MS) by simultaneous recordings of the mitral valve echogram (MVE), phonocardiogram, and apexcardiogram (ACG). Left ventricular isovolumic relaxation time (IRT), measured between A, and onset of the MVE From the
opening motion, had almost the same values in normals 54 ± 7 msec, and MS 51 ± 16 msec. The interval between A, and the ACG "O" point was approximately double that of IRT: 99 ± 11 msec in normal subjects, 109 ± 20 msec in MS. The normal MVE opening mo-OPENING OF THE MITRAL VALVE is associated with cardiac events such as left ventricular relaxation and onset of the mitral flow. Since the advent of echocardiography, traditional theories of mitral valve mechanics have been challenged. Several authors1-6 reported that the opening snap (OS) and "O" point of the apexcardiogram accurately marked mitral valve opening. However the traditional view that the OS and "O" point denote the end of the isovolumic relaxation time (IRT)1-6 has received severe criticism. 7 The mitral valve echogram is an excellent means for determining the onset of the mitral valve flow,'0 as well as several features of the opening motion of the mitral valve;"-'4 and the new information derived from this technique may lead to a reappraisal of some traditional assumptions about graphic signs of the mitral valve opening and their usefulness in the study of early diastolic events.
The present work reports the study of early diastole by simultaneous recordings of the mitral valve echogram (MVE), phonocardiogram (PCG), and apexcardiogram (ACG) in normal subjects and patients with mitral stenosis.
Material and Methods Studies were done in 46 patients with mitral stenosis and 50 normal subjects. The patients included 9 men and 37 women, whose ages ranged from 16 to 67 years (average 39). The patients were included in the study if the PCG and ACG showed a distinct OS and 0 point respectively. The MVE demonstrated a slow diastolic closure rate from the E to F points of less than 35 mm per second, consistent with mitral stenosis;1" the pattern of the calcified mitral valve was noted in seven patients. The diagnosis was confirmed in all patients by cardiac catheterization and angiocardiography. Twentyfive patients were in sinus rhythm and the remaining 21 were in atrial fibrillation. Patients with associated mitral regurgitation or other valvular disease were excluded from the study.
The normal subjects included 12 men and 38 women, whose ages ranged from 14 to 60 years (average 29). The diastolic closure rate of the MVE varied between 90 and 708 tion had a velocity 293 ± 76 mm/sec and duration 45 ± 6 msec, values significantly different (P < 0.001) from 536 ± 271 mm/sec, 23 ± 7.5 msec found in MS patients. In atrial fibrillation the length of the cardiac cycle did not affect A,-O interval or mitral valve opening movement duration; however cycle length was clearly related to isovolumic relaxation time. This resulted in a variation in the interval between completion of the mitral valve opening (opening snap) and 0 point. This interval was longer after a short diastole and vice versa.
185, average 121 mm/sec. Mitral valve echocardiograms were obtained using a Hewlett-Packard ultrasound device. Phonocardiograms and apexcardiograms were obtained using an Electronics for Medicine multichannel recorder (DR-12) and transducer (PSA-23). With the same transducer sounds and low frequency pulsations were recorded simultaneously: the ACG with a pulse amplifier of time constant 3.5 sec band with 0.1 to 20 cycles per second; the PCG with band filters set between 120 and 500 cycles/sec. The gated mitral valve echo signal and lead II of the electrocardiogram were recorded simultaneously with the PCG and ACG. The recordings were made at a paper speed of 100 mm/sec with timelines every 20 msec. In each subject the following parameters were studied ( fig. 1 4) Amplitude (in mm) and velocity (in.mm/sec) of the rapid opening motion of the MVE. 5) Interval between the A, and 0 point of the ACG. 6) In ten patients with atrial fibrillation the effect of the cardiac cycle length on IRT, MVOD and A,-O intervals was studied. Measurements of these intervals were made in groups of cardiac cycles of different length: 500 to 600, 601 to 700, 701 to 800, 801 to 900, 901 to 1000 msec.
In each subject the intervals were measured in ten consecutive cardiac cycles, and the average value was obtained with a 5 msec accuracy.
Results
Tables 1 and 2 show in detail the results of studies in normals and patients. The relationships of the events described below between normals and patients are illustrated in figure 2. The comparative echographic patterns of the rapid mitral valve opening motion showed the following: 1) A mean amplitude of 11 i± 3.5 mm in patients and 13 ± 3 mm in normals (P < 0.01).
2) A mean opening velocity of 536 ± 271 mm/sec in patients and 293 ± 76 mm/sec in normals (P < 0.001). The rapid valve opening motion terminated at the peak of the echo curve (E point) in all normal subjects and in three patients (figs. 3 and 4) ; in the remaining patients this motion ended 36 ± 17 msec before the echo peak, at the X point9 (figs. 5 and 6). In the last patients a slow upward curve was observed between the echographic points X and E.
The OS of the PCG coincided accurately with the abrupt cessation of the echographic valve opening motion, i.e., the X point in 43 patients, and the E point in three patients (figs. [4] [5] [6] . The point 0 of ACG coincided with the E point of the MVE in all patients and normals (figs. [3] [4] [5] [6] . On the other hand the 0 point coincided with the OS in the three patients in whom the slow echographic phase between the X and E points was absent; in the remaining 43 patients the 0 point followed the OS at an interval equal to the duration of the X-E phase.
Phases of Early Diastole and Their Relation to the Length of the Cardiac Cycle
The obtained values of the measured phases are as follows:
1) IRT or A2-D phase: patients, 51 ± 16 msec; normals 54 ± 7 msec (NS).
2) MVOD: patients, 23 ± 7.5 msec; normals, 45 ± 6 msec (P < 0.001). 0 ECG FIGURE 2. This scheme illustrates the difference of the MVE of MS from normal at early diastole. Mitral stenosis is characterized by 1) an increased velocity (double that of normal) and reduced duration (half that of normal) of the mitral valve opening; 2) afrequently observed "X" point, coinciding with the OS; this point denotes completion of the mitral valve opening which occurs earlier than normal (E point); 3) the X-E phase, corresponding with the OS-0 interval. There is no difference between normals andpatients with mitral stenosis in the timing of the D point. The timing of the echo E point, which always coincides with the A CG 0 point, occurs later in mitral stenosis (by an average 10 msec) than in normal subjects.
3) A2-O interval: patients, 109 ± 20 msec; normals, 99 ± 11 msec (P <0.01).
In normals the A2-O interval was closely related with IRT and MVOD. This relationship is described by the regression equations: IRT = 0.52 (A2-0) + 2 (SD = 3 msec) (r = 0.90) MVOD = 0.38 (A2-0) + 8 (SD = 4 msec) (r = 0.79) In mitral stenosis a poor correlation was found between A2-O interval and IRT (r = 0.39), as well as between A2-O and A2-OS intervals (r = 0.47). The correlation coefficient between A2-O interval and MVOD did not differ from zero.
No strong correlation was found in normals between 1) heart rate and IRT (r = -0.44), 2) heart rate and MVOD (r -0.37), and 3) heart rate and A2-O interval (r -0.32).
In mitral stenosis the effect of the cardiac cycle length on the above phases was studied in ten patients with atrial Abbreviations: DCR = diastolic closure rate; IRT = isovolumic relaxation time; MYOD = mitral valve opening duration; MV = mitral valve.
fibrillation. Figure 7 illustrates the mean values of IRT, MVOD and A2-O interval at five groups of cardiac cycles with different length. The increase of the cardiac cycle length from 500-600 msec to 900-1000 msec affected mainly the IRT which was prolonged from 46 msec to 69.5 msec (5 1%). Linear regression analysis of the relationship of IRT, MVOD, and A2-O interval to the cardiac cycle length showed, that the slope was not zero for IRT (b = 0.0565, P < 0.001); in contrast the slope did not differ from zero for MVOD and the A2-O interval.
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Abbreviations: S = sinus rhythm; AF = atrial fibrillation; DCR = diastolic closure rate; MV = mitral valve; IRT = isovolumic relaxation time; MVOD = mitral valve opening duration.
Discussion to the mitral valve opening. This opening is determined by
The IRT is defined as the interval between aortic valve two hemodynamic variables: left atrial pressure and rate of closure and mitral valve opening.4 There is a general agree-fall of the left ventricular pressure. ment that A2 follows aortic valve closure by 4 to 10 msec, In mitral stenosis the onset of the mitral valve opening but the error made by assuming A2 to be the starting point of was believed to be marked by the opening snap, which would the IRT is considered to be negligible."6 Changes of the aormean that the interval between A2 and OS would provide a tic pressure at the time of early diastole would probably be good estimate of IRT.1-4 More recently, the OS has been associated by some degree of change, either earlier or later shown to coincide with the end of the mitral valve opening,"7 appearance, of A2; this effect has not yet been defined. and this finding explains a major cause of past measurement However, for clinical purposes, A2 can be used as a marker error. In the present study the duration of the opening moof the onset of the IRT In the normal subjects or patients with heart diseases other than mitral stenosis, mitral valve opening is silent and the PCG cannot be used. In these cases some investigators assumed that the 0 point of the ACG in mitral stenosis coincided with the OS" 3 and used the 0 point as a marker of the mitral valve opening.2' 5, 6 However, the OS itself is an unreliable marker and there is a good evidence that the "O" point does not coincide accurately with the OS.' In 93% of our patients intervals of varying length were observed between OS and 0 point.
In the present study the onset of the mitral valve opening and determination of the IRT was thought to occur at the D point of the mitral echogram."1 Recent experimental work that showed blood beginning to flow into the left ventricle at "D" point" confirms the assumption. In the normal group in our study the mean value of the IRT measured from A, to "D" was 54 ± 7 msec. This value is greater than those (mean 25 msec, range 10-50) obtained earlier by Edler.1" However, this author took the initial upward motion of the mitral valve echogram in early diastole as the D point instead of the onset of the rapid opening valve motion used in this study."' 12 Our control values are well below the normal IRT (mean 82 msec) measured hemodynamically in man. '9 Kalmanson and associates," using transseptal Doppler ultrasound catheterization in 15 patients with mitral stenosis, found that IRT was shorter than normal, ranging between 10 and 70 msec (average 40); they suggested that IRT was a good index of the degree of the stenosis. The present study showed that IRT had almost the same values in normals and patients with mitral stenosis, suggesting that the increased left atrial pressure in mitral stenosis is not always associated with an earlier onset of the mitral valve opening. It may be that factors such as an increased left ventricular pressure in early diastole, a decreased relaxation rate of the left ventricular muscle, and anatomic changes of the mitral (DR = diastolic rumble).
valve system counteract the effect of the high left atrial pressure. When these factors remain stable, changes of the left atrial pressure appear to affect the onset of the mitral valve opening. Thus in our patients with atrial fibrillation the IRT was related to the length of the previous cardiac cycle, becoming shorter after a short diastole and vice versa (figs. 5 and 6). The mechanism of the earlier appearance of the OS in severe mitral stenosis needs to be re-assessed, particularly after a short cardiac cycle. The role of a short IRT does not seem to be as important to the occurrence of the opening snap as the duration of the mitral valve opening. The high left atrial pressure increases the opening velocity and shortens the duration of the valve opening (which in mitral stenosis is almost half that of normal) so that complete valve opening (and OS) occurs earlier.
Willems and associates8 have found a close relation between the 0 point of the ACG and the nadir of the left ventricular pressure. In the present study the D point of the MVE preceded the 0 point by 45 ± 6 msec in the normals and 57 ± 21 msec in the patients with mitral stenosis. As the mitral valve flow begins at D point,'0 it is inferred that the left ventricle receives blood from the left atrium during the D-O interval. Thus an unusual hemodynamic state prevails in the left ventricle during that intervalthe blood volume increasing while the pressure falls. This should be attributed to the ventricular relaxation continuing after the end of the isovolumic relaxation until the left ventricular pressure begins to rise in early diastole. The total relaxation time beginning at A2 and terminating at the nadir of the left ventricular pressure should be reflected by the A2-O interval.
A usual echographic sign in patients with mitral stenosis, which is not observed in the normals, is the X-E phase, i.e., the segment between the points X and E.9" 13 14 In the present study this phase was noted with a frequency of 93%. As X and E points always coincide with the OS and the ACG 0 point, respectively, it is apparent that X-E phase is identical with OS-0 interval.
In atrial fibrillation the echo X-E phase and OS-O interval were related to the length of the previous cardiac cycle: they became maximal after a short diastole and decreased or disappeared after a long diastole (figs. 5 and 6). Assuming that in atrial fibrillation the A2-O interval and duration of the mitral valve opening are constant, whereas IRT is FIGURE 6 . In this patient with MS and atrial fibrillation the effect ofthe cardiac cycle length on the phases ofearly diastole is shown. After a short diastole (second cycle) the OS occurs before the 0 point so that an OS-0 or echo X-E phase exists. This phase disappears after a long diastole in the third cycle in which the OS is recorded simultaneously with the E and 0 points. Note affected by the length of the previous cardiac cycle, variations in the X-E and OS-O intervals can be explained by changes of IRT. If we accept that A2-O interval reflects the total relaxation time, the echo X-E phase and OS-O interval denoted a continuation of the left ventricular relaxation after completion of the mitral valve opening.
In conclusion this study showed that 1) The 0 point of the ACG coincides with the peak of the MVE (E point) in normal subjects and in patients with mitral stenosis; 2) the opening snap, i.e., completion of the mitral valve opening, very frequently precedes the points E and 0 and coincides with the echo X point; 3) completion of the mitral valve opening occurs earlier in mitral stenosis than normal subjects; this is due primarily to the increased velocity and reduced duration of the valve opening motion in mitral stenosis; 4) isovolumic relaxation time, the time between A2 and onset of the MVE opening motion, has almost the same values in normal subjects and in patients with mitral stenosis; our data suggest that the A2-O interval reflects the total relaxation time of the left ventricle; 6) in atrial fibrillation the length of the cardiac cycle affects IRT, whereas A2-O interval and duration of the mitral valve opening remain constant; this results in the echo X-E or OS-O intervals to vary depending on the length of the cardiac cycle.
